INTRODUCTION
In a power system, the presence of harmonic components in the grid is a cause of the problems such as: power losses, voltage distortion, overheating, overloading, etc. In order to solve harmonic problems, the Passive Power Filter (PPF) [1] [2] [3] [4] is often used at the point of common coupling. Although, it has a simple structure and is least expensive, the PPF inherits several disadvantages due to resonance, instability, difficulty to improve total harmonic distortion and no capability of on-line compensation, etc. Furthermore, the compensation characteristics of these PPFs are influenced by the source impedance. From here, the Active Power Filter (APF) [5, 6] appears to eliminate harmonic current and reactive power compensation; it is often parallel-connected to a non-linear load, which has the capability of online compensation in tracking harmonic current of nonlinear load. Moreover, unlike PPFs, they do not cause harmful resonance with the grid. Nevertheless, it is limited by high cost, low-power capacity and is difficult to use in high-voltage grids. Another solution to cancel harmonic problem is to adopt a hybrid active power filter (HAPF) [7, 8] . The HAPF is the combination of active power filter and passive power filters. The aim of HAPF design is to reduce APF capacity. Besides, the HAPF inherits the advantages of PPF and APF.
Operation effectiveness of HAPF is dependent on the control method. The control methods that have been used for HAPF can be listed as follows: PI, hysteresis, fuzzy, neural network, predictive control methods, etc. The conventional PI control method has many advantages such as simple structure, easy use and simple implementation [9, 10] . However, the K P , K I parameters are fixed during the whole control process. Therefore, with fast variable nonlinear loads, the dynamic response of the PI controller will not be good. The Hysteresis control is characterized by its simplicity, fast response but its disadvantages depend on a widely varying switching frequency [11, 12] . With the fuzzy logic control method then it is seen as conceptually easy to understand, flexible, has robust character in the process of controlling and can be combined with conventional control techniques [13] [14] [15] [16] [17] . However, the input-output memberships are fixed and cannot be studied during the whole control process, and its parameters depend on experience. If the controller uses neural network [18] [19] [20] , the result is based on the training algorithm. The neural network controller can learn, but the response is relatively slow; the transient time is large, and the input and output relations are very difficult to express. The predictive control [21] offers the best potential for precise current control, but the implementation can be difficult and complex.
Therefore, this paper proposed a novel control method for HAPF based on the adaptive fuzzy neural model. This method has capability of online control very well. Moreover, it also has many advantages such as minimum compensation error in steady state, harmonic filter efficiency is improved.
TOPOLOGY AND CONTROL STRATEGY OF HAPF
Topology of the HAPF is presented as shown in Fig. 1 , where U s and Z s are the supply voltage and equivalent impedance of the grid. C F , C 1 , L 1 , C P , L P , L 0 and C 0 are the injection capacitor, fundamental resonance capacitor, fundamental resonance inductor, the PPF S capacitor and inductor, the output filter inductor and capacitor, respectively. APF consist of: uncontrolled rectifier, voltage source inverter, an output filter with capacitor C 0 and inductor L 0 to eliminate switching ripples, coupling transformer and circuit C F -C 1 -L 1 . To further decrease the rate of APF, a circuit C F -C 1 -L 1 is added. C 1 and L 1 tune at the fundamental frequency and then compose with the injection branch C F . Nonlinear load is the same as source generated harmonics. Most harmonics suppression and reactive power compensation are implemented by passive power filters. The APF only compensates the residential harmonics. So, the power rating of APF is reduced. When only considering the response of the controlled voltage source U inv , the voltage source U s and the load harmonic current I L after through PPFs are both set to zero. The single-phase equivalent circuit of HAPF when only the controlled voltage source U inv is considered is shown as in Fig. 2 , where Fig. 2 , supposing the transfer function from compensation harmonic current I F to inverter output voltage U inv is G out , then
Single-phase equivalent circuit with the effect of harmonic source is shown in Fig. 3 . According to Fig. 3 , the following equations can be established
From (2) we can see that: if we can achieve the control goal I Fh = I ′ Lh then the following goal can be obtained I sh = 0 . With I apf = KI Lh is output current of the APF [13] , this is the best control strategy of the HAPF. From (2), I sh can be calculated as Output layer Equation (3) indicates that it is possible to eliminate the influence of the load harmonic current and source harmonic current as low as possible if K is large enough. K is controlled gain.
PROPOSED CONTROL METHOD FOR HAPF
The proposed control method scheme for HAPF is shown in Fig. 4 . It consists of three main parts: fuzzyneural controller, identification and prediction model and the cost function. The purpose of the identification and prediction model and cost function is to find a set of optimal parameters for the fuzzy-neural controller. Therefore, the fuzzy-neural controller parameters are adjusted according to the cost function minimum criterion. For this reason, the proposed control method has online control capability clings to variation of the harmonic currents.
The inputs of the controller are e(t) and ∆e(t)
, ∆e(t) = e(t) − e(t − 1) .
Identification and prediction model
The identification and prediction model are used to identify the non-linear model of APF and predict an output value. The cost function J task is to ensure a minimum error between reference value I ′ Lh (t + 1) and the predicted output value from identification and prediction model. Here, the idea of updating parameters of the fuzzy-neural controller is using the prediction neural network model. The inputs and outputs of HAPF are inputs of neural network; the output of the neural network model isĨ Fh (t). An error is formed between the response of the neural networkĨ Fh (t) and the HAPF model I Fh (t). This error is then used to update the weights of the neural network model through gradient descent method. This process is repeated until the error is reduced to an acceptable value. The output of the trained neural network model is used as the predicted output of the APF model. The neural network model used here is a three-layer feed-forward neural network with a time-delayed structure, with a hyperbolic tangent activation function in the hidden layer and a linear activation function in the output layer. The structure of neural network is shown in Fig. 5 . The inputs to this neural network consist of u(t) and I Fh (t) with their corresponding delay nodes u(t − τ ) and I Fh (t − τ ).
The equations for this neural network model arẽ
where f p is the transfer function of the hidden neural p, w pq and b q are the weights and the bias of the hidden to output layer, w p,o and b p are the weights and the bias of the input to hidden layer, and net p (t) is the summation of all products between inputs and input to hidden weights in the input layer. From (4), the predict future output value of APF from the current time (t) to future time (t + 1) can be written asĨ
3.2 Fuzzy-neural controller parameters online regulation Fuzzy-neural controller structure is shown as in Fig. 6 . Its four layers are: input, fuzzy, rules and neural network layers. • Nodes at input layer are input nodes.
where ω 1i are connecting weights, • Nodes at fuzzy layer are membership nodes. Each input has seven fuzzy linguistic variables which are: Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZO), Positive Small (PS), Positive Medium (PM) and Positive Big (PB). Membership functions of the fuzzy layer are shown in Fig. 7 .
With the use of Gaussian membership function, the operations performed in this layer are given as
where c is the mean, σ is the standard deviation and σ 2 is the variance,
• Nodes at rules layer , which represents fuzzy logic rules and there are 49 rules.
• The neural network layer , the reasoning consequence of a very reasoning rule is synthesized through connecting weights ω 4k .
(10) where ω 4k are connecting weights. First, the cost function J is defined as
where n is a learning sample number, I
′ Lh (t + 1) is a reference value,Ĩ ′ Lh (t + 1) is the predicted output value from identification and prediction model. The backpropagation method is used to change connecting weights and membership function parameters of network. The training ways are given as follows
where α is a smoothness factor, 0 < α < 1 . η is a learning rate, η > 0 . The differential coefficients 
with δ
). The adjusted formula of weight ω 4k can be shown as 
So, c and σ of Gaussian function can be updated as follows
SIMULATION AND EXPERIMENTAL RESULTS

Simulation Results
Simulation results of a 10 kV-50 Hz HAPF system have been made with the MATLAB software. The system parameters are listed in Table 1 . The nonlinear load is established by four harmonic current sources 5 th , 7 th , 11 th and 13 th . PPFs are passive power filters, they are 11 th and 13 th turned filters . The dc-side voltage is 600 V.
, i s (A) and error(A) represents the load current, load harmonic current after through the PPFs, fundamental load current after through the PPFs, harmonic compensation current by APF, fundamental compensation current by APF, source current and error of compensation of phase A, respectively. In the time period t = (0.0s ÷ 0.2s), the system is not connected by PPFs and APF, the load current and source current are the same, the Total Harmonic Distortion (THD) of the load current is 11.52 %, the power factor is 0.64 (lag). In the time period t = (0.2s ÷ 0.4s), the system is connected only by PPFs, the amplitude of i L is greatly reduced after through the PPFs and they are analysed in two components i Figure 8 shows the dynamic response of HAPF when different control methods are used. At t = 0.4 s the system is connected by APF and PPFs. When the single fuzzy logic control method is used, the error can be reduced to ±15 A from ±50 A in 0.05 s and it almost does not decrease during the process. When the proposed control method is used, the error can be reduced to ±10 A from ±50 A in 0.05 s (0.4s ÷ 0.45s) and then it decreased to ±3 A (0.6s ÷ 0.7s). At t = 0.7 s, the load current is changed, the THD of load current increases to 15.25 % from 11.52 % by increase amplitude of the 5 th , 7 th , 11 th and 13 th harmonic components, the power factor is 0.64 (lag). With the single fuzzy logic control method, the error increases to ±20 A from ±15 A and it almost does not decrease during the process. With the proposed control method, the error increases to ±7 A from ±3 A and then it can be reduced to ±3 A in (0.9s ÷ 1.0s). It is obvious that the adjustment time of the proposed method is better than the single fuzzy logic control method. Table 2 shows a comparison of the THD i s in the steady-state of two control methods. Table 3 shows a comparison of the power factor cos ϕ in the steady-state of two control methods.
Compared with the single fuzzy logic control method, The simulation results proved that the proposed control method has following advantages: the compensation error in steady-state is smaller, dynamic response time is shorter, ability to filter harmonics is more effective and online control capability is better.
EXPERIMENTAL RESULTS
The experimental results have been made on a 380V-50Hz HAPF model in the laboratory. The experimental parameters are given as in Table 4 . The PPFs are structured of the 11th and 13th order L-C harmonic filters. Nonlinear load is established by the three phase controlled rectifier with load is R and L. A power module IGBT-FF300R12ME4-based VSI with a switching frequency of 10 kHz is used as the main circuit of the APF. A KIT-TMS320F2812 digital signal processor with 32-bit CPU Times, 6.67 ns cycle time of the Texas Instrument company is used to implement the control method. Figure 9 shows the experimental results before the load is changed in steady-state and Fig. 10 shows the experimental results after the load is changed in steadystate.
From the above experimental results we can see that: before and after the load is changed, the THD of the source current with the proposed control method has always been THD is smaller and more stable than the single fuzzy logic control method. This proves that in steadystate, the proposed method is better than the single fuzzy logic method in the harmonics filtering.
CONCLUSION
A novel adaptive current control method for HAPF was proposed. Compared with the single fuzzy logic control method, this control method demonstrated many advantages such as: error in steady-state is smaller, dynamic response time is shorter, ability to filter harmonics and reactive power compensation are very effective. Moreover, the proposed control method has online control capability very well. Simulation and experimental results shown the feasibility and validity of the proposed control method. 
